. Other neurons have receptive fields that spatially sum similar motion To track a moving object, its motion must first be cues over larger regions of the visual field and lack any distinguished from that of the background. The censuch opponent surround; they thus respond best when ter-surround properties of neurons in the middle temthe entire visual scene moves coherently. Such wideporal visual area (MT) may be important for signaling field motion is generally an attribute of the background. the relative motion between object and background.
and local sites were not significantly different with respect to the frequency of nonsignificant or nondirectional pursuit effects. We excluded sites yielding nonsignificant or nondirectional effects from subsequent analyses. The remaining 57 sites (42% of all sites) produced effects with a significant directional component, and these formed the basis for our comparisons of receptive field properties with microstimulation effects.
Effects on Speed
In our previous work (Groh et al., 1997), we found no significant correlations between the preferred speed at the stimulation site and the magnitude of the microstimulation effect vector. This remained the case when we analyzed wide-field and local sites independently (Figure 4b) . The correlation coefficients for wide-field and local sites were 0.01 (p ϭ 0.55, F test) and 0.0001 (p ϭ 0.99), respectively, and in neither case was the slope of the regression line significantly different from zero. In 
Effects on Direction
For behavioral experiments, the procedure was the same, except microstimulation effect at a site that was physiologically characterized as preferring local motion. Neurons at this site met our qualitative criterion for the highest category of direction selectivity: the neurons were strongly actieither in the preferred direction of the stimulated neuvated by motion in the preferred direction-in this case, rons or in the opposite direction. These differences alup and slightly to the left (112Њ)-and were suppressed lowed us to test the hypothesis that stimulation at local below spontaneous levels of firing by a stimulus moving motion sites causes a motion signal that is attributed in the opposite, or null, direction. The neurons at the to the object itself, while stimulation at wide-field sites site were driven much better by a bar than by any patch is attributed to the background, thus causing pursuit of of random dots and showed quantitative evidence of an the object in the opposite direction due to induced moantagonistic surround: the neurons responded modertion (Duncker, 1929; Reinhardt-Rutland, 1988; Niemann ately well to a small patch of random dots but responded and Hoffmann, 1997).
poorly to a patch extending well beyond the classical receptive field (Figure 2a ). Microstimulation at this site produced an effect on the postsaccadic pursuit that Results was evident even in the raw eye position traces ( Figure  2b ). The overall pattern, best appreciated in a velocityWe conducted microstimulation experiments at 136 sites in MT in three monkeys who had been trained to space diagram (Figure 2c ), is consistent with a vector averaging pattern in which the target velocity is weighted perform a step ramp visual tracking task (Figure 1) . The task required that the monkey first foveate a small nearly equally (gain term ϭ 0.49) with an "electrical velocity vector" pointing up and slightly to the left (108Њ)-square, after which a target spot appeared in the peripheral visual field and moved away in one of several possivery nearly matching the preferred direction of the neurons at the stimulation site. As was typical, however, ble directions and speeds. On half of the trials, randomly chosen, we applied biphasic current pulses through a the magnitude of this electrical vector was considerably less than the preferred speed of the neurons stimulated: metal microelectrode from the time of target onset to the time that the animal made a saccade to the target.
5.4Њ/s versus a preferred speed of 25Њ/s. While this pattern was characteristic of many of the We obtained statistically significant effects ( 2 analysis of regression parameters, p Ͻ 0.01) of microstimulaexperimental sites, we also observed many cases in which the directional effect on pursuit was opposite to tion at 106 (78%) of the sites. Of the 106 effective sites, 49 yielded a slowing of pursuit regardless of the directhe preferred direction of the neurons stimulated ( Figure  3) . Here, the preferred direction was to the right and tion of target motion, similar to the effects seen with focal lesions in MT (Newsome et al., 1985) . Wide-field slightly upward ( ϭ 12Њ), and, as for the site in the previous example, the neurons were inhibited by motion a bar was the most effective stimulus were classified as local; those that preferred large fields of random dots in the opposite direction. Microstimulation produced a strong, statistically significant effect on smooth pursuit were classified as wide-field. This subjective classification was based on previous results from the owl monkey, whose direction was to the left and slightly downward ( ϭ 208Њ), opposite to the preferred direction of the in which it was found that many neurons in 2dg-labeled interbands (local motion regions) gave poor responses stimulated neurons. The major difference between this site and the one in the previous example (Figure 2) is to random dot patches of any diameter but responded vigorously to single bars (see Figure 4 of Born and Toothat the neurons here responded extremely well to widefield motion (Figure 3a ), even to a stimulus that extended tell, 1992). When we plotted the direction of the microstimulation effects with respect to the preferred direcwell beyond the boundaries of the classical receptive field. tion of the neurons at the stimulation site, we found that nearly all of the null direction pursuit effects occurred These two examples were characteristic of the overall population of microstimulation effects obtained at the at sites more responsive to wide-field motion, and most of the preferred direction effects occurred at sites pretwo different types of sites (Figure 4a) . To demonstrate this, we first had to classify each site as "wide-field" or ferring local motion (Figure 4a ). This difference between the two distributions of directions was highly significant "local." This was done blindly (i.e., without knowledge of the effects of microstimulation), according to the (p Ͻ 0.001, Watson's U 2 test). We also compared the surround indices of the sites physiological properties of the neurons recorded before the microstimulation experiment was performed. At 38
showing preferred direction effects with those of the sites showing null directional effects. In this analysis, sites where we obtained quantitative area summation data, we used as the criterion for classification the "surwe used all sites for which microstimulation produced a statistically significant directional effect (at p Ͻ 0.01) round index," computed by dividing the difference of the neuron's response to wide-field (WF) and small-field and for which we had quantitative area summation data (n ϭ 38). A one-way analysis of variance revealed a (SF) motion by the sum (WF Ϫ SF)/(WF ϩ SF). Sites having an index less than or equal to Ϫ0.5 (correspondsignificant difference between the two populations (preferred direction sites, mean surround index ϭ Ϫ0.46; ing to a wide-field response less than or equal to onethird of the best small-field response) were classified null direction sites, mean surround index ϭ Ϫ0.09; p Ͻ 0.02). Thus, the physiological distinction between wideas local, and all others as wide-field. At another 19 sites where no quantitative area summation data were obfield and local motion sites was systematically related to null versus preferred direction microstimulation effects, tained, we used the subjective criterion of the neurons' responses to a bar versus random dots: sites for which respectively. 
Other Differences between Wide-Field and Local
wide-field sites in our microstimulation data set. In one such experiment (Figure 5a ), the monkey tracked a small Motion Sites A comparison of the width of the polar histograms in spot that came on 10Њ to the right of the fixation point and that, on any given trial, could move away at one of Figure 4a reveals that the directionality of the effects in local motion sites was more tightly correlated with the nine different velocities across a sparse random dot background that was either stationary or moved downpreferred direction of the neurons than was that of the wide-field motion sites with the null direction of the neuward for 250 ms, beginning at the onset of target motion. We compared the same period of pursuit initiation rons. To quantitate this, we computed the angularangular correlation coefficient, r aa , as described by (20-60 ms after the saccade endpoint) on trials with and without background motion and fit the results with the Fisher and Lee (1983) and tested its significance using a jackknife technique described by Upton and Fingleton same regression model used to characterize microstimulation effects. The pattern of the effects was clearly (1989). For local motion sites, r aa was 0.46 compared with a value of 0.086 at wide-field sites (both values to shift pursuit in the direction opposite to that of the background motion. This type of effect was seen for significant at p Ͻ 0.01). Another difference between local and wide-field sites was the magnitude of the effects most of the background motion experiments we conducted, and the overall distribution of effects was similar obtained, as measured by the gain term of the regression equation. The effects at local motion sites were stronger:
to that seen for microstimulation at wide-field sites in MT (Figure 5b ). The distribution of constant terms for the electrical velocity vector introduced by microstimulation was weighted significantly more heavily (mean the behavioral data was not statistically different from that of the microstimulation experiments (p ϭ 0.17, twogain term ϭ 0.36) than it was at wide-field sites (mean gain term ϭ 0.26, p Ͻ 0.05, one-way analysis of dimensional Kolmogarov-Smirnov test). Thus, when both target and background moved independently, variance). smooth pursuit of the target was shifted away from the velocity of the background, closely resembling the efBehavioral Comparison How well do these microstimulation effects at widefects of microstimulation at wide-field sites in MT. In the series of experiments shown in Figure 5b , the field sites correlate with the behavioral effects of actual background motion? To test this, several of us conmoving background covered the entire computer screen, which subtended a 55Њ ϫ 40Њ region of the visual field. ducted a behavioral simulation of the microstimulation signal at wide-field sites (R. Zhao et al., 1998, Soc. NeuHowever, how large the background stimulus should be in order to be more nearly comparable to a given rosci., abstract). These experiments were formally identical to the microstimulation experiments, except that microstimulation experiment would depend on both the size of the population activated by microstimulation and we substituted a brief period of real background motion for the period of microstimulation. The target eccentricithe size of the receptive fields of the activated neurons. The size of the activated population is uncertain, but ties and velocities, as well as the velocity characteristics of the background, were matched to the properties of the receptive fields of individual neurons have been well the location of target onset, actually moved. All other parameters were also matched as described above. The overall pattern of results was the same as for the fullscreen experiments, with the majority showing a significant effect on pursuit in the direction opposite to that of the background (Figures 5c and 5d ). , 1996) . Directional effects of microstimulation on SVC were found for 70 of 136 sites (51%). Interestingly, microstimulation shifted SVC in the null direction much less often than it did for pursuit-most sites shifted the SVC in the preferred direction, though the distribution was much broader than it was for pursuit (see Figure 11 of Groh et al., 1997). However, both the reduced number of null direction effects and the greater scatter of the effects with respect to the preferred direction appeared to be due to two things: (1) a greater tendency of saccades to be hypometric on microstimulation trials and (2) a correlation between the receptive field direction, the relationship between the center-surround properties 1985). For these sites, the size of the monitor was probaand the direction of the effects of microstimulation on bly a reasonable approximation. For less eccentric sites, SVC was similar to that found for pursuit, though somehowever, it is possible that using the entire screen overwhat obscured by the tendency toward microstimulaestimated the region of background motion attributable tion-induced hypometric saccades. to microstimulation. We thus conducted another series of experiments in which the area of the background that Discussion moved was matched to the classical receptive field size measured at the corresponding microstimulation site.
Effects of Microstimulation on Saccades
Center-Surround Opponency, Figure- Ground For all trials, the entire screen was covered with the Segregation, and Eye Movements same random dot pattern used above, the only differDiscrimination of objects from the background is a very ence being that on the trials containing background general problem, not only for vision, but for other sensory modalities as well. The hypothesis that centermotion, only a small window of dots, centered around Distinguishing the target from the background is particularly important for tracking eye movements. When a target moves with respect to the background, two competing systems vie for oculomotor control. The pursuit system attempts to follow the motion of the target, while the optokinetic system, designed to stabilize gaze as we move through the world, attempts to track the (Figure 4b ). In sum, the lack of a correlation between the preferred speed of the neurons stimulated that the former two used a ramp motion paradigm in which each trial began with the subject foveating the and the effect of microstimulation at a given site might be explained by any or all of these factors. It should not pursuit target, whereas the latter two used step ramp motion in which the target appeared eccentrically. This be construed as evidence against a role for speed tuning in guiding eye movements in the absence of microstimuis potentially a very important difference given that the gain of pursuit initiation is extremely sensitive to the lation. eccentricity of the target's starting position (Lisberger and Westbrook, 1985) .
Microstimulation Effects on Saccades Because the differences among studies suggest that
We observed that microstimulation could affect pursuit results can vary depending on exactly how the experiand saccades differently but that this difference was ment is done, we felt it important to test the effects of largely explained by a foveopetal bias in the effects of moving backgrounds on pursuit initiation in monkeys microstimulation on SVC and that both pursuit and sacunder conditions precisely matched to those used in cade effects were correlated with the center-surround our microstimulation experiments. When we did this, we properties of the stimulation site. This suggests to us found that both moving backgrounds and microstimulathat, with respect to the saccade system's calculation, tion of wide-field sites affected pursuit initiation similarly microstimulation introduced both a directional velocity and that the direction of the effects was consistent with signal related to the preferred direction of the neurons the motion contrast effect previously reported by Niestimulated and a retinotopic position signal related to mann and Hoffmann (1997). Because we have tested a the receptive field location of the neurons stimulated. limited range of target and background conditions, it This is perhaps not so surprising given that MT is retinoremains to be determined exactly which features of the topically organized (Gattass and Gross, 1981) and that target and background determine the outcome. The position is a critical cue for saccade generation (Rashmost important attribute of our behavioral experiments bass, 1961). It might also account for the foveopetal is that they were directly comparable to our microstimubias in the preferred directions of stimulation sites at lation experiments and, as such, support our interpretawhich we obtained significant microstimulation effects tion that wide-field motion-processing neurons are likely on SVC: at these sites, the directional effect and the to represent motion of the visual background. positional effect were in roughly the same direction, hence more likely to produce an overall effect in this direction, whereas at sites where the preferred and foSpeed Tuning and Microstimulation Effects veopetal directions differed considerably, the two types In both this study and in our previous work (Groh et al., of effects would be more likely to cancel and result in 1997), we failed to find significant correlations between no net effect. We are currently performing experiments the magnitude of the velocity vector imparted by microthat will allow us to address this issue more directly. stimulation and the preferred speed of the neurons stimulated. Most likely this is because our stimulating elec- , 1980) . During the same surgirecording site and either moved across it at a constant direction and speed or remained stationary. The monkey had to wait until the cal procedure, stainless steel or titanium bone screws were implanted in the skull, and a fixture for immobilizing the head was fixation point disappeared, then make a saccade to the target and follow it using pursuit eye movements in order to receive a liquid attached using dental acrylic. When behavioral training was complete (see below), the animals underwent a second surgery for imreward. On half of the trials, randomly chosen, we stimulated through the microelectrode from target onset until the monkey made the plantation of a cylinder for chronic electrophysiological experiments in MT. Three of the animals (monkeys P, D, and B) were used for initial saccade. Trials with microstimulation were randomly interleaved with an equal proportion of nonstimulated trials and were microstimulation experiments, and two (monkeys B and C) served as subjects in the experiments with moving backgrounds.
identical to nonstimulated trials in all other respects. We used biphasic stimulating pulses ( 
While the animal maintained fixation, the borders of the receptive field were qualitatively mapped using computer-generated stimuli, where V ns is the pursuit velocity on nonstimulated trials, V s equals such as moving bars or patches of moving dots. We then qualitathe pursuit velocity on stimulated trials, V e equals the value of the tively assessed the direction tuning at the site using either moving electrically induced velocity signal (an unknown), and g is a scalar bars or dots, or both. Finally, we quantified center-surround interacweighting factor between 0 and 1 that indicates the relative contributions with an area summation test. While the monkey performed a tions of the electrical and visual velocity signals. For convenience, fixation task, we presented a window of moving random dots centhis equation can be solved for ⌬V, where tered on the multiunit receptive field for 2 s. On all trials, the direction, speed, and density of the dots were held constant, and the diameter ⌬V
of the random dot patch was randomly varied from trial to trial. Patch diameters were selected so that the smallest would be well yielding within the neurons' classical receptive field (as mapped qualitatively), and the largest would cover an area several times that of ⌬V 
